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Introduction
Heavy metal ions constitute a major problem with respect to environment and healthiness not only because they are widely distributed in natural systems such as atmosphere, water or soil, but also due to the great hazard they represent towards living organisms [1, 2] . Amongst them, Hg and its speciation appear to be one of the highest priority targets since its strong affinity for biological compounds emphasizes its toxicity [3] . Hg(II) compounds, and particularly mono-and di-methylmercury, accumulate in vital organs and tissues and are responsible for chronic diseases, kidney injury, respiratory failure, central nervous system disorders, brain damages, and can even also induce death [4, 5] . Thus, Hg(II) analysis, quantification and speciation in the environment is one of the most challenging research field for analytical chemists aiming at environmental survey, and there is an increasing need for systems that deliver rapid and reliable data. Moreover, bioaccumulation phenomena make Hg(II) dangerous even at very low concentration [6] [7] [8] [9] [10] . A particular effort has thus to be made in order to enhance the sensitivity and to reduce detection limits of such analytical devices.
Many spectroscopic techniques are reported in the literature that offer selectivity and quite good sensitivity with respect to Hg(II) trace determination, such as Cold Vapor Atomic Absorption Spectroscopy (CVAAS), Cold Vapor Atomic Fluorescence Spectroscopy (CVAFS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [11] . Although these techniques allow very low concentrations to be determined, they all involve expensive material and require complicated procedures. Consequently they are not really suitable for in situ or on line and operando analysis.
Comparatively, electrochemical sensors are cheap and portable devices with simple procedures and low energy requirement that can be used either in laboratory or for on-site measurements. Many electrochemical techniques are used for Hg(II) determination, such as potentiometry [12] , chronopotentiometry [13] and pulsed amperometry [14] , the most commonly used being Differential Pulse Voltammetry (DPV) [15, 16] and Square Wave Voltammetry (SWV) [17] [18] [19] . Moreover, the combination of a preconcentration step like Anodic Stripping Voltammetry (ASV) [20] with those pulsed techniques allows detection limits in the picomolar range to be reached [15, 18] .
Many working electrode materials have also been tested, such as platinum [21] , graphite [22] , Glassy Carbon (GC) [16, 23, 24] , carbon paste [25] , multi-walled carbon nanotubes [26, 27] , cylindrical carbon fiber [28] and gold. Because of its strong affinity for Hg that enhances the preconcentration effect during the accumulation step, this latter is the most commonly used electrode material. A rapid glance to the literature offers a good insight of the wide range of such systems that have been reported: Au can be used as a bulk [15, 17, 29] , film [30, 31] , microwire [18, 32] , microdisk [33] , or microdisk array electrode [34] .
Another strategy that is frequently encountered to improve the performances of the electrochemical sensor is to chemically modify electrode: the electroactive surface is then functionalized using either polymers [35, 36] , organic [37] or biological compounds [38, 39] chosen for their complexing affinity towards Hg(II).
During the last two decades, interests have focused on nanoscaled materials and their use in analytical chemistry because of their specific physico-chemical properties for a wide range of applications including electronics, optics, catalysis and biological sensors. Improvements resulting from metal nanoparticles for electroanalysis are numerous: sensing interface roughening, catalytic and conductive properties, and mass transport enhancement [40] . These attractive properties combined to the strong affinity of Au for Hg favoured the appearance of a new kind of electrode modification involving Au nanoparticles (AuNPs) [40, 41] . AuNPs can be prepared by chemical synthesis [42, 43] or by physical ways such as magneton sputtering, radiolytic and photolytic methods [44, 45] . Electrodeposition provides a complementary easy, rapid and cheap alternative [46, 47] . Most electrodeposited monometallic AuNPs-based electrodes have been used as gas sensors and for bioanalytical purposes. In comparison their application for ASV of metalloids and trace metals such as As(III) or Hg(II) is less explored [46, 48] . To the best of our knowledge, Hg(II) trace determination on such monometallic AuNPs-based electrodes is limited to Gao et al. [49] and more recently to Abollino et al. [48] studies. In both cases AuNPs were electrodeposited by chronoamperometry on Au or GC electrode respectively. In the present work, Cyclic Voltammetry (CV) was used for AuNPs electrodeposition onto GC electrodes. This method was preferred for several reasons: it is indicative of the occurrence of adsorption phenomena either of the reactant or the product, and gives also insight of the presence of intermediates in the Au(III) reduction mechanism. The relative importance of mass transfer phenomena vs. heterogenous electron transfer can be discriminated. Moreover, the shape of the cyclic voltammograms is characteristic of nucleation and growth processes [50, 51] . Finally, CV enables the determination of the optimal conditions for AuNPs electrodeposition (potential range, AuCl Despite the work by Gong et al. [52] that reported bimetallic Au-Pt nanoparticles deposited onto organic nanofibers on a GC electrode using CV, this paper presents for the first time a study concerning monometallic AuNPs electrodeposition on GC electrodes by CV aiming at Hg(II) trace detection using Square Wave Anodic Stripping Voltammetry (SWASV). The amperometric response of the modified electrode was examined as a function of the number of electrodeposition cyclic scans (N) and correlated to the AuNPs size and density determinated by Field Emission Gun Scanning Electron Microscopy (FEG-SEM). Finally the sensitivity of the resulting sensor towards Hg(II) assay was evaluated and compared to those recorded on bare Au and unmodified GC electrodes.
Experimental

Chemicals and apparatus
All the solutions were prepared using ultra pure water (Milli-Q 2 NIST standard solution (certiPUR grade, Merck) and acidified to pH 2 with concentrated HNO 3 65% (suprapur grade, Merck), and then used as is for further dilution.
All the electrochemical experiments were performed at room temperature in a Teflon PFA three-electrode cell (Metrohm) by using a PGSTAT 128N potentiostat (Metrohm Autolab, Utrecht, Netherlands) interfaced to a laptop computer and controlled with NOVA 1.7 software package (Metrohm). A Metrohm Ag/AgCl/KCl 3 M electrode, separated from the electrochemical cell by a Teflon PTFE capillary containing a 0.1 M NaNO 3 solution and terminated by a ceramic diaphragm (D type), and a Metrohm GC wire were used as reference and counter electrodes, respectively. Working electrodes were rotating disk electrodes from Radiometer, either in GC (3 mm diameter, A = 7.07 mm 2 ), Au (2 mm diameter, A = 3.14 mm 2 ) or AuNPs-modified GC (AuNPs-GC). The electrochemical cell was constantly maintained in a Faraday cage in order to minimize the electrical interferences. When indicated, the solutions were deaerated using a N 2 stream for 10 min. A N 2 atmosphere was then maintained over the solution during the corresponding experiments.
Electrode preparation and modification
Prior to each modification, the GC surfaces were polished successively by silicon carbide grinding paper (grit 1200) for 5 s, and by a 9 lm, 5 lm and 1 lm alumina slurry (Presi) on a cloth polishing pad for 10 min, 5 min and 3 min, respectively. Between each polishing step, the surfaces were cleaned in an ultrasonic ethanol bath (5 min) in order to remove any impurity. Finally, they were rinsed in an ultrasonic ultra pure water bath (5 min) and dried for 1 min using a N 2 stream.
The AuNPs-GC electrodes were obtained by CV scanning from open-circuit potential (ca. 0.9 V) to 0 V in a 0.1 M NaNO 3 deaerated solution containing 0.25 mM HAuCl 4 (pH 3) at a scan rate of 50 mV s À1 for a given number of scans (N). The resulting electrodes were activated in H 2 SO 4 0.5 M by running 10 scans between 0.2 and 1.4 V at a scan rate of 100 mV s À1 . The analytical performances of AuNPs-GC electrodes towards Hg(II) detection were worse when this activation was not carried out.
Bare Au electrodes were polished successively by a 5 lm, 1 lm and 0.3 lm alumina slurry on a cloth polishing pad for 5 min, 3 min and 1 min, respectively. Between each polishing step, the electrodes were cleaned in an ultrasonic ethanol bath (5 min), and finally rinsed in an ultrasonic ultra pure water bath (5 min) and dried for 1 min using a N 2 stream. Au electrodes were then activated using the same conditions than for AuNPs-GC electrodes.
AuNPs characterization
The AuNPs-GC surface characterization was achieved by FEG-SEM using a JEOL JSM 6700F equipment with accelerating voltages of 5 and 10 kV and a working distance between 6 and 15 mm depending on the sample. Image analysis was carried out using MATLAB image processing toolbox software for particles counting (density estimation) and average diameter measurement. The density and average size of AuNPs were evaluated from a 12.1 lm 2 GC surface analysis (counting a minimum of 365 to 923 particles depending on the number of cyclic scans N). For each deposit, the error was calculated from the analysis of three different SEM images.
Stripping voltammetric detection of Hg(II)
Electrochemical detection and assay of Hg(II) on AuNPs-GC electrodes were performed in a deaerated 0.01 M HCl solution by using SWASV in the following conditions: cleaning potential = 0.8 V, cleaning time = 15 s; deposition cathodic potential = 0 V, deposition time (t d ) = 300 s; pulse amplitude = 25 mV, step amplitude = 5 mV, frequency = 200 Hz; anodic scan from 0 to 0.8 V. During the deposition step, the solution was stirred by means of the rotating working electrode (2000 rpm). A second scan was recorded immediately after the first one using the same conditions except t d which was set to 30 s, and considered as a blank. Hg reoxidation peak heights were measured from the curves obtained after subtraction of the blank. This procedure, called ''subtractive ASV method'', has been previously reported in the literature [15] . It allows the analytical results to be freed from background vagaries (see Section 3 for further details). It is noteworthy that the subtractive anodic signals recorded with low Hg(II) concentrations were much noisier and we needed to use a Savitzky-Golay smoothing function. In our study, GC was chosen as a chemically inert electrode material [53] . NaNO 3 was employed as supporting electrolyte instead of KCl because this latter has been reported to have a negative effect with respect to Au electrodeposition by favouring a coalescence phenomenon, leading to the formation of less numerous, large-sized NPs [54] . The shape of the first voltammogram (solid line) is consistent with that previously described under similar conditions [50, 51] . The forward scan exhibits the reduction of Au(III) to Au(0) with a cathodic peak at 0.48 V, inducing the deposition of AuNPs onto the electrode surface. On the backward scan, a current crossover occurred at 0.62 V. Beyond this potential, the backward cathodic current became higher than the forward one. This is consistent with thermodynamics which predicts an easier growth of previously formed AuNPs than a nucleation of new AuNPs on GC electrode, because the deposition of gold requires less energy on gold than on GC [55, 56] . On the second voltammogram (dashed line), the reduction peak of Au(III) was shifted from 0.48 to 0.78 V, strengthening that Au deposition occurred preferentially on the NPs created during the first scan. It is noteworthy that the current crossover observed on the first voltammogram is strongly dependent on the surface conditioning: systematically no crossover was observed when the electrode surface was not sufficiently polished (not shown). On the contrary, in the case of satisfactory electrode surface preparation, the crossover was observed, although not reported in some previous studies [57] . One has also to note the decrease of AuCl À 4 cathodic peak current between the two voltammograms. This variation is mainly due to the consumption of AuCl À 4 in the diffusion layer. As a matter of fact when the experiment was performed by stirring the solution during 1 min between the first and the second curves, the reduction peak recorded at the second scan was nearly as high as that of the first scan (not shown). For the following potential scans (i.e. from N = 2 to 20), only a slight decrease of the reduction peak current at 0.78 V was observed, and the peak potential slightly moved to less cathodic values. Some experiments were also performed using an AuCl À 4 concentration of 1.0 mM, but they led to broad peaks with respect to Hg(0) oxidation. This is consistent with the observation that the most homogenous deposits have been obtained using low Au(III) concentrations around 0.1 mM [57, 58] . For this reason, an AuCl À 4 concentration of 0.25 mM was chosen in the subsequent studies.
Results and discussion
AuNPs electrodeposition on GC electrode
Characterization of AuNPs
Several AuNPs-GC modified electrodes were elaborated using CV by varying the number of cyclic scans of the electrodeposition step from 1 to 20. The resulting modified electrodes were then characterized using CV in H 2 SO 4 0.5 M. Fig. 2 shows the electrochemical response of the AuNPs-GC electrode scanning between 0.2 and 1.4 V, for four electrodeposition scans. The anodic peaks at 1.13 and 1.33 V were associated to Au oxidation. The presence of two peaks is indicative of the formation of several kinds of Au ''oxides'' resulting from a very complicated sorption mechanism of OH À ions onto different crystallographic faces [51, 59] . On the backward scan, the peak at 0.89 V corresponded to the subsequent reduction of the oxides previously formed. Increasing N, the shape of the CVs remained unchanged, but all anodic (E p = 1.13 and 1.33 V) and cathodic (E p = 0.89 V) peak currents increased. Table 1 summarizes the data obtained concerning the charge consumed during Au electrodeposition step Q Au(III) on the one hand and the charge corresponding to Au oxides reduction Q oxides in H 2 SO 4 on the another hand. From these data, it can be clearly observed that both charges increase with N, i.e. the global amount of electrodeposited Au depends on the number of electrodeposition scans N. Moreover Q oxides is strongly lower than Q Au(III) whatever N. Assuming that the faradic yield for Au electrodeposition is 100%, and that Q oxides is similar to the charge consumed during the oxidation of AuNPs when plotting CVs in H 2 SO 4 , one can conclude that only the Au atom layers at the AuNPs-electrolyte interface are believed to be effectively oxidized.
In order to further characterize the AuNPs deposits, FEG-SEM analyses were carried out for six significant values of N (Fig. 3) . The electrodeposited AuNPs can be separated into two distinct populations: the first one is related to small and spherical-shaped NPs and the second one to larger, aggregate-like NPs. The AuNPs density and size data obtained using FEG-SEM are reported in Table 1. An increase in the particle density as a function of N can be noticed up to four potential scans, then the density decreased down to 12 cycles and finally remained nearly constant till 20 scans. At the same time, the average size of the particles increased with respect to the number of cycles. This evolution of both the AuNPs density and the average size clearly illustrates a gradual coalescence phenomenon from N = 4. However, while increasing N between 1 and 4 scans, small, spherical-shaped NPs formation is favoured, and then the density reaches a critical value beyond which NPs begin to coalesce, leading to larger, less homogenously distributed NPs. In the latter case, a preferential growth of particles over the formation of new nucleation events takes place, in accordance with thermodynamics considerations previously discussed. 
Electrochemical response of Hg(II) at AuNPs-GC electrode
The electrochemical response of low Hg(II) concentrations at AuNPs-GC electrodes was examined using SWASV in a 0.01 M HCl solution. For preliminary experiments, a Hg(II) concentration higher than 1 nM was chosen because this value is easily detectable and low enough to allow further optimization of the system. HCl was chosen as the supporting electrolyte according to the literature, since many authors have reported an enhanced sensitivity with respect to Hg(II) trace detection while operating in the presence of some amount of Cl À ions [17] [18] [19] . This medium rarely fits with real samples and could in a first approach limit the application fields of the proposed method, particularly for in situ analysis. However, these experimental conditions allow total Hg(II) speciation to be quantified. Fig. 4 shows the typical SWASV signals recorded at a AuNPs-GC electrode prepared using N = 4. The signal obtained in the case where t d = 300 s (solid line) exhibited a typical broadened shape with a sharp, well-defined peak at 0.63 V, the latter one being associated to the oxidation of Hg(0) previously reduced on the AuNPs during the preconcentration step. It was checked that no peak was recorded at this potential while operating in the absence of Hg(II) during the preconcentration step (Fig. 4 , dotted line). However, a higher baseline was recorded in this latter case. This broad baseline is well documented in the literature, both at solid Au electrode [19] and AuNPs [48] , but the explanation remains still unclear and leads to extensive discussion. Taking into account the presence of a high concentration of Cl À ions, some authors [19, 48] proposed the formation of calomel during Hg(0) oxidation and its subsequent precipitation onto the electrode surface due to its poor solubility in water [34] . However, this statement is not supported by our observations while operating in the absence of Hg(II) into the solution. Indeed, the same broad background was observed, although a little higher, using a freshly prepared new electrode (Fig. 4, dotted line) . Finally, due to this broad baseline, Hg(0) reoxidation peak was expected to be difficult to extract for analytical purpose. To overcome this drawback and to obtain a suitable analytical blank, a procedure consisting in recording a SWASV using the same parameters than for Hg(II) analysis was established except for t d that was set to 30 s. In these conditions, the voltammogram exhibited only a small shoulder in the potential region of Hg(0) oxidation (Fig. 4 , dashed line). Such a procedure is commonly reported in the literature to be used as analytical blank [15, 17, 18] . The resulting signal Di vs. E obtained by subtracting this blank to the voltammogram recorded for t d = 300 s in the presence of Hg(II) is depicted in the inset of Fig. 4 . We also verified that in the same experimental conditions, no response at all was observed on an unmodified GC electrode, and only a small, ill-defined peak was recorded on bare Au (not shown).
Optimization of Hg(II) detection at AuNPs-GC electrodes
In order to optimize Hg(II) trace determination on AuNPs-GC electrodes, the influence of varying N on the electrochemical response of a 4 nM Hg(II) solution was examined (Fig. 5) . A maximum was observed between Q Au(III) = 157 lC (N = 2) and Q Au(III) = 260 lC (N = 4) . From the comparison of Fig. 5 with data in Table 1 , it is noticeable that the peak current is correlated to both AuNPs density and size rather than to the global amount of electrodeposited Au, the highest current being recorded for a high density of small NPs (73 lm
À2
). This result highlights the importance of a careful characterization of AuNPs deposit, especially in the case where the modified electrode is devoted to an analytical aim. To the best of our knowledge it is the first time that such a correlation between both AuNPs density and size and the analytical performances of the resulting modified electrode for Hg(II) detection is evidenced. 
Analytical performances for Hg(II) detection
Under the optimized experimental conditions (SWASV as described in Section 2, and N = 4), the analytical performances of the AuNPs-GC electrodes were examined. Fig. 6 shows the calibration curve obtained as a function of Hg(II) concentration. The AuNPs-GC electrode exhibited a good linearity in the range 0.64-4.00 nM (seven standard concentrations) with a correlation coefficient of 0.994. From the slope of the calibration plot, the sensitivity of the AuNPs-GC electrode was found to be 1.37 lA nM À1 for t d = 300 s. For Hg(II) concentration higher than 4 nM the slope decreased, probably due to a saturation phenomena of the accessible surface of AuNPs. This problem could be overpassed by decreasing the duration of the preconcentration step, for instance using a t d value of 60 or 180 s. However, as our work aimed at determining very low concentrations, no further experiment was performed in that way. A limit of detection (LD) of 0.42 nM was calculated for a signal-to-noise ratio of 3 [60] . This LD is well below the guideline value provided by the World Health Organization (1 lg L À1 , ca. 5 nM) [61] . It could be significantly improved by increasing t d . However, it is higher than that of all previously reported systems based on electrodeposited AuNPs (see Table 2 ). Particularly a pertinent comparison can be made with Abollino's et al. study [48] adopting similar experimental conditions and parameters optimization strategy, excepted that AuNPs have been electrodeposited in their case by constant potential electrolysis (À0.8 V vs. Ag/ AgCl/KCl during 6 min). A LD more than 50 times lower than ours and a normalized sensitivity more than twice better were reported with a metal deposit looking like more a 3D porous nanostructured Au film than a AuNPs array. This result points out the influence of AuNPs electrodeposition mode and of the AuNPs structure on the analytical performances of the resulting modified electrodes.
Conclusion
In this work, we present for the first time AuNPs-GC electrodes prepared using CV for various numbers of electrodeposition scans N. Although not often used, CV proved to be an efficient mode for spherical-like shaped NPs electrodeposition. The systematic characterization of these electrodes using CV and FEG-SEM for different values of N allowed a correlation to be made between both AuNPs density and size and the performances of the electrode towards Hg(II) detection. AuNPs-GC electrodes exhibit interesting performances with respect to Hg(II) trace determination, and the best electrochemical responses were obtained for a high density (73 ± 3 particles lm
À2
) of small NPs (36 ± 13 nm). From those observations, both NPs density and diameter appeared to be key features with respect to analytical performances. Using the optimal conditions (N = 4), the response of the AuNPs-GC electrode was linear in the range 0.64-4.00 nM, and the limit of detection was estimated to 0.42 nM. A careful comparison with the few other works dealing with electrodeposited AuNPs devoted to Hg(II) detection indicates that the choice of the electrodeposition method is important since it can give rise to different level of control of the AuNPs characteristics. To get further insight into the relationship between AuNPs characteristics and their analytical performances, future work will be devoted to perform a comparative study of different electrodeposition modes and their respective effect towards Hg(II) trace analysis. 
